EXECUTIVE SUMMARY
Previous Savannah River National Laboratory (SRNL) tank mixing studies performed for the Small Column Ion Exchange (SCIX) project have shown that 3 Submersible Mixer Pumps (SMPs) installed in Tank 41 are sufficient to support actinide removal by MST sorption as well as subsequent resuspension and removal of settled solids. Savannah River Remediation (SRR) is pursuing MST addition into Tank 21 as part of the Large Tank Strike (LTS) project. The preliminary scope for LTS involves the use of three standard slurry pumps (installed in N, SE, and SW risers) in a Type IV tank. Due to the differences in tank size, internal interferences, and pump design, a separate mixing evaluation is required to determine if the proposed configuration will allow for MST suspension and strontium and actinide sorption.
The author performed the analysis by reviewing drawings for Tank 21 [W231023] and determining the required cleaning radius or zone of influence for the pumps. This requirement was compared with previous pilot-scale MST suspension data collected for SCIX that determined the cleaning radius, or zone of influence, as a function of pump operating parameters. The author also reviewed a previous Tank 50 mixing analysis that examined the ability of standard slurry pumps to suspend sludge particles.
Based on a review of the pilot-scale SCIX mixing tests and Tank 50 pump operating experience, three standard slurry pumps should be able to suspend sludge and MST to effectively sorb strontium and actinides onto the MST. Using the SCIX data requires an assumption about the impact of cooling coils on slurry pump mixing. The basis for this assumption is described in this report. Using the Tank 50 operating experience shows three standard slurry pumps should be able to suspend solids if the shear strength of the settled solids is less than 160 Pa. Because Tank 21 does not contain cooling coils, the shear strength could be larger.
The author makes the following recommendations:
 Operate the slurry pumps while adding the MST to Tank 21 and performing the MST strike. The slurry pumps should be started and rotating prior to the addition of MST to Tank 21. In addition, the MST should be added as close as possible to one of the mixer pumps. By operating the pumps and adding the MST close to one of the pumps, the MST will be better dispersed throughout the tank, making the sorption process more effective. The sorption time clock should start when the MST addition is complete.  Remove the sludge from Tank 21 before performing the MST strike. Removing the sludge from Tank 21 prior to the MST strikes reduces uncertainty in the process. Removing the sludge is less important if the added MST is suspended since the strontium and actinide sorption occurs on the freshly added MST. Not removing the sludge prior to the MST strike could make heel removal more difficult at the end of the Large Tank Strike program.  If the sludge is not removed before performing the MST strike, measure the shear strength of the sludge in Tank 21 prior to performing the first MST strike, and mix the sludge every three months. The three months is based on the pilot-scale SCIX testing and the SCIX Rheology testing. The pilot-scale SCIX testing allowed the solids to settle for four weeks prior to resuspension. The rheology testing allowed samples to settle for up to 13 weeks. Additionally, analysis of the solid particles should be considered.  If routine solids mixing in Tank 21 is not desirable for process reasons, the author recommends that additional rheology testing be conducted with sludge and MST to determine the impact of longer settling times on the slurry rheology. The solids in Tank 21 following the large tank strike will be composed primarily of sludge particles. The SRS Tank Farms have successfully transferred sludge from waste tanks that sat for much longer than three months. 
Introduction
Previous Savannah River National Laboratory (SRNL) tank mixing studies performed for the Small Column Ion Exchange (SCIX) project have shown that 3 Submersible Mixer Pumps (SMPs) installed in Tank 41 are sufficient to support actinide removal by MST sorption as well as subsequent resuspension and removal of settled solids. 1,2,3 Savannah River Remediation (SRR) is pursuing MST addition into Tank 21 as part of the Large Tank Strike (LTS) project. The preliminary scope for LTS involves the use of three standard slurry pumps (installed in N, SE, and SW risers) in a Type IV tank. Due to the differences in tank size, internal interferences, and pump design, a separate mixing evaluation is required to determine if the proposed configuration will allow for MST suspension and strontium and actinide sorption. 4 SRR requested SRNL to perform a technical review of previous tank mixing studies 1, 2, 3 to determine the effectiveness of the proposed strategy for a Large Tank Strike in Tank 21. If a three standard slurry pump configuration is shown to be inadequate or marginal, the analysis will consider strategies of four standard slurry pumps (NE, NW, SE, and SW risers) or an SMP located in the North Riser with standard slurry pumps in the SE and SW risers. The evaluation provides an estimate of the level of confidence or conservatism in the analysis, as well as risk. This report documents the conclusions of the analysis.
Analysis
The author performed the analysis by reviewing drawings for Tank 21 [W231023] and determining the required cleaning radius or zone of influence for the pumps. This requirement was compared with previous pilot-scale MST suspension data collected for SCIX that determined the cleaning radius, or zone of influence, as a function of pump operating parameters.
1,2,3 The author also reviewed a previous Tank 50 mixing analysis that examined the ability of standard slurry pumps to suspend sludge particles. 5 
Previous SCIX Testing
Figure 2-1 shows a layout of the tank, as well as the proposed locations of the standard slurry pumps. According to the drawing [W231023], the tank diameter is 85.06 feet (42.53 foot radius), the pumps are located on a 37 foot radius, and the pumps are located 120º apart. The farthest distance that the pumps will be required to reach and suspend particles is at the wall, midway between two pumps. If the pump locations are defined as radius 37 feet and angular positions, 60º, 180º, and -60º, the farthest distance from a pump is located at (42.53 ft, 0º), (42.53 ft, 120º), and (42.53 ft, -120º). The distance between the pump located at 60º and the wall located at 0º is described by equation [1] . The required U 0 D needed to suspend the MST in Tank 21 for strontium and actinide sorption (19.3 ft 2 /s) is significantly larger than the U 0 D of a standard slurry pump (13.6 ft 2 /s).
Figure 2-1. Tank 21 Layout
However, Tank 21 does not contain cooling coils, while the pilot-scale tank did contain cooling coils. The absence of cooling coils will lead to a more powerful jet farther away from the pumps. Models for effective cleaning radius of slurry pumps show that the cleaning radius is proportional to U j D j (see equation [3] ).
In equation [3] , C is a constant, D j is the pump nozzle diameter, V j is the pump nozzle velocity,  is the fluid density, and  y is the slurry yield stress.
In addition, models for miscible liquid blend time show the blend time to be inversely proportional to U j D j (see equation [4] ).
In equation [4] , D tank is the tank diameter. Pilot-scale testing conducted by SRNL to measure the time to blend miscible liquids in a waste tank showed that the addition of cooling coils increased the miscible liquid blending time by a factor of 2. 7 Since the tank diameter did not change, the results could be interpreted as decreasing the effective U 0 D by a factor of 2. Likewise, removing the cooling coils could be interpreted as increasing the effective U 0 D by a factor of two, or decreasing the required U 0 D by a factor of 2. Using this assumption, the required U 0 D to suspend the MST in Tank 21 is 9.7 ft 2 /s, which is 30% less than the maximum U 0 D of a standard slurry pump (13.6 ft2/s). This analysis assumes that the impact of the cooling coils is the same for solids suspension as it is for miscible liquid blending, and that the removal of cooling coils decreases the required U 0 D by a factor of 2.
Previous Tank 50 Operating Experience
Another approach to assessing the ability of three standard slurry pumps to suspend MST in Tank 21 is to look at the operating experience of standard slurry pumps in Tank 50. 5 Engineering Calculation J-CLC-H-00793 determined the size and location of the mounds observed in Tank 50H in 2003. 8 Standard slurry pumps were located in risers E1 and B2. One of the mounds was located under the TTP (riser B5). The distance from the pump in riser E1 to the mound was 30.7 feet. The distance from the pump in riser B2 to the mound was 33.5 feet. Based on this calculation, the cleaning radius of the standard slurry pump was 30.7 -33.5 feet with the solids in Tank 50.
SRNL measured the shear strength of a sample of the solids and found the shear strength to be 400 -460 Pa for an undisturbed sample. 9 Previous SRNL work found the cleaning radius of a slurry pump to be inversely proportional to the square root of the slurry yield stress. 10, 11 Previous PNNL work found the cleaning radius to vary with slurry shear strength according to equation [5] ECR  D j U j  s -0.46 [5] where  s is the sludge shear strength. 12 Assuming the shear strength of the solid mounds in Tank 50 was 400 Pa, the cleaning radius was 30 feet, and the target cleaning radius in Tank 21 is 45.3 feet, the shear strength of any solid particles or mounds must be less than 160 Pa if the standard slurry pumps are to be able to suspend the sludge throughout the vessel. Since Tank 50 contains cooling coils and Tank 21 does not, the shear strength of the sludge in Tank 21 could be larger.
Rheology data collected for the SCIX program with simulated sludge and MST (in a 660:1 ratio) that had settled for 1 -13 weeks at 30 -45 ˚C had a measured shear strength less than 100 Pa. 13 
Review of Previous Data
Because this task is classified as safety significant and the previous work was classified as production support, the data must be qualified as safety significant. To qualify the data, design verification and data qualification were conducted on the previous data according to the requirements of E7, procedures 3.60 and 3.70.
The Data Qualification was conducted as follows. The procedural controls and requirements applicable to the quality of the data were identified in the TTQAP for this task (SRNL-RP-2014-00433). 5 The non-qualified data used in this task are contained in references 1, 2, 6, 7, and 13. The TTQAPs for these tasks (SRNL-RP-2010-00081, SRNL-RP-2010-00686, SRNL-RP-2011-01114) were reviewed to determine the procedural controls and quality requirements of the testing performed to obtain the data. In performing the comparisons between the procedural controls and requirements for this task with the procedural controls and requirements for the data to be qualified in references 1, 2, 6, 7, and 13, differences were observed. These differences and their impact are discussed below. Table 1 ) were not required for the work in SRNL-RP-2011-01114, because that task was an engineering study rather than experimental work. The work in SRNL-RP-2011-01114 did not use M&TE, so that procedure was not required. The Management Assessment Program (1Q, QAP 18-4) was not used in the task described by SRNL-RP-2010-00081, but that will not affect the quality of the collected data. The work described by SRNL-RP-2010-00081 is not technical baseline, but the data was technically reviewed according to E7, 2.60 and E7, 3.60. Because of the desire to increase the quality of the data to Safety Significant, design verifications were conducted by performing additional document reviews (according to E7, procedure 2.60, section 5.2) on references 1, 2, 6, 7, and 13, The data in those documents was available and rechecked as part of this review. The reviews are documented in Laboratory Notebook SRNL-NB-2010-00093. In addition, the M&TE calibrations were verified as being complete. The M&TE records for the previous testing described in references 1, 2, 6, 7, and 13 are stored according to the requirements of 1Q procedure 12-1.
Discussion
Based on a review of the pilot-scale SCIX mixing tests and Tank 50 pump operating experience, three standard slurry pumps should be able to suspend solids and MST to effectively sorb strontium and actinides onto the MST.
Using the SCIX data requires an assumption about the impact of cooling coils on slurry pump mixing. The basis for this assumption is described in this report, but the assumption may not be accepted by all reviewers.
Using the Tank 50 operating experience shows three standard slurry pumps should be able to suspend solids if the shear strength of the settled solids is less than 160 Pa. Because Tank 21 does not contain cooling coils, the shear strength could be larger.
Tank 21 contains ~16 inches of settled sludge. 14 If the shear strength of this material is less than 160 Pa, the sludge and settled MST should be suspended by the pumps. If the shear strength of the settled solids is greater than 160 Pa, the pumps may not be able to suspend all of the settled solids in the tank, and mounds could form far from the pumps. However, the pumps should be able to keep MST particles (< 30 m) suspended. The MST should be added to the tank with the slurry pumps operating. When the slurry pumps are turned off, the MST and suspended sludge will settle slowly and settle on top of any unsuspended sludge. The MST will settle throughout the tank rather than accumulate at a few locations on the tank bottom. This top layer will have a lower shear strength than the bottom layer or any mounds containing unsuspended sludge. The MST and sludge that was previously suspended will be easier to suspend than any sludge that was not suspended. In addition, the MST does not need to be suspended to enable sorption for subsequent MST strikes. The MST will need to be removed from the tank prior to closure. If the sludge is not removed before performing the MST strike, SRR should measure the shear strength of the sludge in Tank 21 prior to performing the first MST strike.
Conclusions
Based on a review of the pilot-scale SCIX mixing tests and Tank 50 pump operating experience, three standard slurry pumps should be able to suspend sludge and MST to effectively sorb strontium and actinides onto the MST.
Recommendations
The author makes the following recommendations:
 Operate the slurry pumps while adding the MST to Tank 21 and performing the MST strike. The slurry pumps should be started and rotating prior to the addition of MST to Tank 21. In addition, the MST should be added as close as possible to one of the mixer pumps. By operating the pumps and adding the MST close to one of the pumps, the MST will be better dispersed throughout the tank, making the sorption process more effective. The sorption time clock should start when the MST addition is complete.  Remove the sludge from Tank 21 before performing the MST strike. Removing the sludge from Tank 21 prior to the MST strikes reduces uncertainty in the process. Removing the sludge is less important if the added MST is suspended since the strontium and actinide sorption occurs on the freshly added MST. Not removing the sludge prior to the MST strike could make heel removal more difficult at the end of the Large Tank Strike program.  If the sludge is not removed before performing the MST strike, measure the shear strength of the sludge in Tank 21 prior to performing the first MST strike, and mix the sludge every three months. The three months is based on the pilot-scale SCIX testing and the SCIX Rheology testing. The pilot-scale SCIX testing allowed the solids to settle for four weeks prior to resuspension. The rheology testing allowed samples to settle for up to 13 weeks.  If routine solids mixing in Tank 21 is not desirable for process reasons, the author recommends that additional rheology testing be conducted with sludge and MST to determine the impact of longer settling times on the slurry rheology. The solids in Tank 21 following the large tank strike will be composed primarily of sludge particles. The SRS Tank Farms have successfully transferred sludge from waste tanks that sat for much longer than three months.
